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Abstract 

Although considerable studies have been carried out, the true nature of high- T c su- 
perconductors (HTCS) is still not clear. Pseudogap phase at high temperature as 
well as possible time reversal symmetry breaking at low temperature need further 
investigations. The need of carefully made samples showing the intrinsic properties 
of superconductivity is essential to test new theoretical developments. We present 
in this paper how to control crystallographic orientation in the junction and a tech- 
nique developed to determined the quality of the interface barrier between a gold 
electrode and a HTCS : YBa2Cu307_,5. This potentially allows us to perform An- 
dreev spectroscopy in the Cu02 planes of cuprate superconductors as a function of 
temperature, crystallographic orientation and doping. 
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1 Introduction 



Since their discovery by Bednorz and Miiller [1], high-T c superconductors have 
been the subject of considerable studies. However, their complex structure and 
properties are still puzzling solid state physicists [2]. One unanswered question 
of importance is the relation between the superconducting gap and the pseu- 
dogap often seen in ARPES [3,4] and tunneling spectra [5]. Their evolution 
both in amplitude and symmetry with doping and temperature is of great 
interest and needs to be determined. Low temperature tunneling studies also 
showed a possible break of time reversal symmetry [6-8] as well as zero bias 
anomalies [9-13] whose origin is not clearly established [14,15]. Provided one 
can distinguish a pseudogap from a superconducting gap, angularly resolved 
tunneling experiments are good candidates to study these issues. In fact pla- 
nar junctions are mechanically and chemically stable over the broad range 
of temperatures necessary to investigate these properties. Moreover, recent 
arguments [16] suggest that controlling the interface's potential and thus the 
transport mechanism could allow to determine independantly the energy scales 
relevant for pairing and phase stiffness [17] in materials where the supercon- 
ducting density is low such as in HTSC. Thus, the realization of angularly re- 
solved planar contacts with controlled transparency on high-T c materials could 
propose experimental answers to still unanswered questions on HTCS. In this 
article we present a technique that allows us to realize planar junctions with 
controlled orientation and transparency on YBCO single crystals. We show 
how to control and characterize the interface quality. Briefly, the junctions are 
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realized on the side of the crystals and allow direct injection of uncoherent 
quasi-particles in the copper-oxide planes. The orientation of the junction's 
plane is set by mechanical polishing of the crystal and the surface barrier 
is controlled using ion polishing. The junction is geometrically defined using 
photolithography and conductance spectra dI/dV(V) are measured down to 
T = 5K using a lock-in technique. The measurements, carried out on several 
crystals prepared with different orientations and interface potential, are pre- 
sented in the third section and interpreted using a phenomenological model. 
This experiment has an essential advantage : metallic interfaces, obtained af- 
ter ion polishing, allow us to perform Andreev spectroscopy on YBCO/Au 
crystallographically oriented planar junctions. 

2 Experimental 

The YBa2C307_,5 (YBCO) single crystals used in this work were optimally 
doped with a T c of 93 K and a transition width of 0.3 K as measured by ac- 
Hall susceptibility. The typical crystal size is 500/iin x 300/im x 80/xm. Crystals 
with the flattest surfaces and the sharpest corners were selected to be polished. 
The backleads J_ and V- are attached to the crystal's rear surface by diffusing 
silver epoxy at 550°C for one hour in an atmosphere of flowing O2 as shown in 
figure la). This ensure mechanically robust and electrically excellent contacts. 

Since the junctions will be realized so as to inject current directly in the Cu02 
planes the junction plan must include the ~~$ axis. In orther words, we must 
be able to cut the crystal in a controllable manner in order to expose a surface 
less than 100 /xm thick on its side. Polishing seems the simplest solution. 
The sample is embedded in an epoxy matrix in order to minimize side effects 
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during polishing. Prior to casting, the crystal is oriented and attached to a 
copper disk to ensure a good thermal contact. The orientation is controlled 
within a couple of degrees with respect to the CuC>2 planes and within ±7° 
with respect to the c-axis. This uncertainty is much lower than the current 
injection cone, usually estimated to be around ±15° [18] for low transmission 
interfaces. After polymerization, the whole epoxy block is carefully polished 
with fine diamond paste. Great care has been taken in order to avoid chemical 
attack of crystals (water- free polishing), cracks (low speed spinning), diamond 
inclusions and rounded surfaces (low pressure). Between each stage the sample 
is washed in an ultrasonic bath and rinsed with pure acetone and ethanol to 
avoid contamination. The resulting surface is flat and without any scratches 
as observed with a DIG microscope. Some surfaces were observed using AFM 
and the measured surface roughness was found to be around 15 Aand sample 
independant. A typical image is shown on the figure lb). The scanning size 
did not significantly change the measured roughness. It has been pointed out 
by Walker et al. [14] that diffuse scattering at the interface can significantly 
complicate the transmission process. Thus it is crucial to keep the roughness 
comparable with the Fermi wavelength of the charge carriers in YBCO. We 
note that very little care has yet been taken to communicate the structural 
properties of the surface on which planar junctions are elaborated, eventhough 
a parameter such as roughness is crucial to predict the transport properties of 
junctions. The measured roughness is only twice the carrier wavelength and 
although some charge carriers probably undergo diffuse scattering, polishing of 
YBCO surface yields outstanding results concerning the surface's morphology. 

At this stage the flat and smooth crystal surface is ready to be used to elab- 
orate the junctions. However, polishing induces a fine amorphous or deoxy- 
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genated layer directly below the surface. Since we are concerned with con- 
serving the bulk properties of superconductivity throughout the sample, this 
layer must be removed. Ion beams have been used by several groups to smooth 
YBCO films [19], to improve superconducting properties of epitaxial YBCO 
films [20] and to pattern, without damage, YBCO thin films [21]. In line with 
these results we used low energy (300 eV) Xe ion beams at a normal incidence 
to polish and improve the superconducting properties of the crystal surface. 
The polishing efficiency is related to the sputtering yield of the impinging ions. 
This has recently been reviewed [22] and it appears that for normally incident 
ions, the sputtering yields are maximum for a surface oriented roughly 60° 
off the normal. Therefore this treatment erodes these asperities and improves 
the surface roughness, as well as removes the degraded surface layer. It is well 
known that the superconducting properties of cuprates are very sensitive to 
oxygen contents. During the ion beam polishing a large amount of energy is 
dissipated in the surface's vicinity. To avoid heating and further loss of oxy- 
gen during the ion beam polishing the crystal is maintained at liquid nitrogen 
temperature. After ion polishing, a 150 nm thick gold layer is sputtered in-situ 
and will be used as a counter electrode. 

We are interested in the transport properties of the YBCO/Au interface. The 
geometry of the junction and the leads that are attached to it are defined using 
a photolithographic process and are shown in figure 2. The nominal junction 
surface is S — 0.18 • 10~ 3 cm 2 . The gold resistivity is of the order of 0.1 fiQ ■ cm 
at low temperature. For a uniform current injection, this requires an interface 
resistance higher than 4- 10~ 6 Q-cm 2 for the nominal junction dimensions [23 
25]. This condition was always fulfilled and the only source of inhomogeneities 
in the current injection is the inhomogeneity of the superconductor's surface. 
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The measurement temperature can be varied from 5 K to 150 K, the current 
is measured as a function of the bias voltage and the slope of the /(V) charac- 
teristic is measured using a lock-in technique. The experimental setup gives an 
absolute value of the dynamic conductance as shown in the inset in figure 5a) . 

In this article we stress the fact that the transparency of the YBCO/Au inter- 
face can be controlled by choosing the method of preparation of the junctions. 
In fact we compare in the next section the results obtained on crystals pre- 
pared differently. Two behaviours were observed depending on the preparation 
technique : i) the gold counter-electrode is directly sputtered after the mechan- 
ical polishing. This leads to an insulating behaviour of the interface resistance 
and thus a tunnel effect at low temperature, ii) The counter-electrode is evap- 
orated in-situ after low temperature and low energy ion polishing. This leads 
to a metallic behaviour of the interface resistance and hence Andreev effect at 
low temperature. 

3 Results and discussion 

When considering an interface between two materials, the transmission coef- 
ficient can be estimated in principle from the absolute value of the surface 
resistivity. For high temperature superconductors in contact with a normal 
metal this is estimated [26,27] to be R ca = (h/e 2 ) x 2n 2 /Dk F where R cD 
is the measured surface resistivity, kp the Fermi wave vector of carriers in 
the superconductor and D the transmission coefficient. For an ideal interface 
where D — 1 and a Fermi wave vector kp ~ 10~ 8 cm _1 the estimation gives 
R c n ~ 1CT 11 Q ■ cm 2 . Numerous experiments have been designed to reach this 
ideal limit but the best results [28,29] gave interface resistances 100 times 
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larger than the theoretical estimate. To explain this discrepency Mannhart 
et al. [30] proposed the existence of a depletion layer near the interface that 
tends to enhance the interface resistance. Moreover spatially resolved mea- 
surements of the proximity effect [31] induced in thin gold layers showed 
large inhomogeneities. More recent STS measurements [32] on high quality 
Bi 2 Sr 2 CaCu208-<5 thin films showed quasi-particles spectra going from S-I-N 
tunneling to Semi-C-I-N on a scale of a few nm. These results show that cal- 
culating the transmission coefficient from resistance measurements of macro- 
scopic interfaces is difficult mainly because of intrinsic large inhomogeneities 
on high temperature superconductor surfaces. 

In order to determine the dominant transport mechanism through the inter- 
face, the sole knowledge of the interface resistance is insufficient. However its 
temperature dependance provides indications on which transport mechanism 
dominates. Indeed, it is reasonable to describe the junctions as an insulating 
and a metallic layer. If the two layers are in serial an insulating behaviour is 
expected for low enough temperatures. On the contrary if the two layers are in 
parallel a metallic behaviour is expected for low enough temperatures as shown 
in fig. 3). From these properties we deduce the dominant transport mechanism 
through the interface. At low temperatures, a metallic interface will show An- 
dreev reflections whereas an insulating interface will show tunneling effects. 
Fig. 4) shows the temperature dependance of the interface resistance for dif- 
ferent bias voltages for the two preparation procedures for a (110) oriented 
surfaces. 

For fig 4a) the surface of the crystal was simply mechanically polished and 
carefully cleaned. The junction resistance increase for decreasing temperatures 
is characteristic of insulating properties. Tunneling will be the dominant trans- 
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port mechanism through the interface at low temperatures. We note that the 
behaviour of the resistance at zero bias is different from the ones at finite bias. 
The increase of conductivity for low bias is the signature of a Zero Bias Con- 
ductance Peak (ZBCP). ZBCP's in HTSC are explained either in the Andreev 
Bound States [9] mechanism, or in the presence of surface defects that create 
Impurity Bound States [15]. Although these different origins can in principle 
be differentiated by their different magnetic field properties, their probable 
coexistence does not facilitate the determination of their contribution to the 
global ZBCP. The curves in fig. 4b) show a clear metallic behaviour of the 
junction's resistance with temperature. The junction was made in situ after 
ion polishing. The metallic behaviour comes from the removal of the degraded 
layer at the surface by the ions. Thus at low temperature we expect to measure 
mostly Andreev transport through the interface. 

The fig. 5) shows the measured spectra for the tunneling and the Andreev limit 
obtained on different crystals. For the two junctions shown here the current 
injection was along the line of node of a d x 2_ y 2 order parameter. In the tun- 
neling limit (fig. 5a), the spectra show all the expected qualitative features of 
a d-wave superconductor : i) the DOS is depreciated below an energy of about 
25 meV corresponding to the gap amplitude generally found in the literature 
and ii) the ZBCP is present and similar to the common ZBCP measured on 
HTCS[10]. In the metallic limit, the conductance is enhanced at low bias and 
has a sharp point at zero bias indicative of a ci-wave superconductor. 
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4 Conclusion 



We realized and characterized planar junctions on the side of YBCO single 
crystals. The direction of the injected current is controlled within a few de- 
grees in CuC>2 planes. We showed that the interface barrier can be changed 
from insulating to metallic by using different preparation techniques. If the 
crystal is simply polished the resulting interface will be insulating and single 
electron tunneling will be the main mechanism of transport through the inter- 
face. On the other hand, if the surface undergoes an ion polishing stage it will 
show a metallic behaviour and Andreev reflections below the superconduct- 
ing transition. The mechanical stability of the junction allows us to perform 
Andreev spectroscopy as a function of temperature. These investigations are 
currently being undertaken and will be published elsewhere. They could pro- 
vide some experimental evidence of the ideas suggested by Deutscher [16] 
by measuring different energy scales for pairing (tunneling spectroscopy) and 
phase coherence (Andreev spectroscopy). Our results show that under care- 
fully established conditions the control of the surface potential of HTCS can 
be achieved. Further research to understand HTCS require the use of con- 
trolled interfaces. The technique presented here has yielded goog results. The 
authors would like to thank T. Fournier and P. Brosse-Marron for technical 
support and O. Fruchart for initial help with the AFM work, H. G. thanks B. 
Lussier for early supervision. 
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(a) (b) 

Figure 1. The junctions are realized on a plane containing the c-axis of the crystal 
(left). The orientation of the surface is controlled and determined by mechanical 
polishing that yields very small roughness as shown with AFM (right), (a) Planar 
junctions on the "side" of YBCO single cristal. (b) AFM scan of the mechanically 
polished surface. The RMS roughness is about 1-2 nm. 




Figure 2. Contact and probes geometry. The crystal boundaries are underline by 
the dotted lines. The junction is realized within the discontinous line. The contact 
nominal surface is S = 30^m x 60/im. 
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temperature (a.u.) 

Figure 3. Modeling of the interface between YBCO and a normal metal. Top: all the 
layers are in series. The resistance vs T has positive curvature: R(t) = a(l/t) + j3t. 
Bottom: the insulating and metallic layers are in parallel. The resistance vs T has a 
negative curvature: R(t) = l/(a(l/t) + fit). 
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Figure 4. Evolution with temperature of the resistance for a bias voltage The 
junctions are realized on a (110) oriented surface. The two different behaviours 
observed are related to the preparation techniques, (a) Insulating (tunnel) limit 
obtained when the crystal is only mechanically polished, (b) Metallic regime obtained 
after ion polishing of the crystal's surface. 



14 



°' 0I5 40 -30 -20 -10 10 20 30 40 -40 -30 -20 -10 10 20 30 40 
V b , Bs (mV) V b (mV) 

(a) (b) 

Figure 5. Dynamic conductance spectra obtained for YBa2Cu3O7_,5(110)/Au junc- 
tions for differents transport regime through the interface. The spectra measured 
at 90 K were shifted by a constant to overlay the spectra measured at 5 K. The 
absolute values can be determined from the fig. 4). (a) tunneling spectrum obtained 
at low temperature; inset : comparaison of the measured dynamic conductance and 
the one computed from the numerical derivative of the I(V) curve (not shown), (b) 
Andreev spectra obtained after ionic polishing of the cristal surface 
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